The processes involved at the onset of damage initiation on the surface of fused silica have been a topic of extensive discussion and thought for more than four decades. Limited experimental results have helped develop models covering specific aspects of the process. In this work we present the results of an experimental study aiming at imaging the material response from the onset of the observation of material modification during exposure to the laser pulse through the time point at which material ejection begins. The system involves damage initiation using a 355 nm pulse, 7.8 ns FWHM in duration and imaging of the affected material volume with spatial resolution on the order of 1 µm using as strobe light a 150 ps laser pulse that is appropriately timed with respect to the pump pulse. The observations reveal that the onset of material modification is associated with regions of increased absorption, i.e., formation of an electronic excitation, leading to a reduction in the probe transmission to only a few percent within a time interval of about 1 ns. This area is subsequently rapidly expanding with a speed of about 1.2 µm/ns and is accompanied by the formation and propagation of radial cracks. These cracks appear to initiate about 2 ns after the start of the expansion of the modified region. The damage sites continue to grow for about 25 ns but the mechanism of expansion after the termination of the laser pulse is via formation and propagation of lateral cracks. During this time, the affected area of the surface appears to expand forming a bulge of about 40 µm in height. The first clear observation of material cluster ejection is noted at about 50 ns delay.
INTRODUCTION
ICF class laser systems utilize large aperture optical components that are exposed to relatively high laser fluences which, however, are still about one order of magnitude below the intrinsic damage threshold of the material used. Under these excitation conditions, laser-induced damage in the optical components of the laser system originates in the presence of some type of defect that leads to coupling of the laser energy into the material. The exit-surface damage initiation and growth in fused silica optics has been a problem that scientists and engineers working in the development of ICF class laser system have devoted considerable attention. This is due to the fact that damage initiation can lead to catastrophic failure of the material due to the growth of the original damage site(s) with subsequent exposure to a relatively small number of laser pulses. Damage initiation sites are typically on the order of 10 µm in diameter, depending on the laser pulse length, but tend to grow exponentially under subsequent ns laser irradiation [1] [2] [3] [4] [5] [6] . Microscopic examination of these sites reveals the formation of a damage crater containing modified material believed to be the result of exposure to high pressures and/or temperatures, as well as cleaved surfaces and cracks [6] [7] [8] [9] [10] . Although various models regarding the processes involved during a surface damage event have been proposed based on post-mortem examination of the crater characteristics for various laser parameters, there are only limited experimental studies that capture the dynamic processes during a damage event [11] [12] [13] . Of particular importance are experimental data on the laser-material interactions during the laser pulse that governs the energy deposition process. It is therefore apparent that an imaging system capable of capturing the material response through the timeline of events involved during surface damage would greatly enhance our understanding of the fundamental mechanisms involved.
In previous work we discussed the results using a time resolved imaging system that was employing a 7-ns in time duration (at full width at half maximum, FWHM) laser (Quanta-Ray, Spectra-Physics) operating at 355 nm (3ω) to initiate damage on the exit surface of the fused silica optic [14] [15] . The images were captured using strobe-light illumination provided by a 532 nm (2ω), ~4.5 ns (at FWHM) probe pulse (Litron Lasers, UK). The system was capable of acquiring two transient images per each damage event using strobe pulses obtained by two separate lasers with output polarizations orthogonal with respect to each other. To separate the images from each probe arriving at a different delay, we utilized a polarization filtering method in which the two probe beams were first combined into a single beam path using a polarizing beam-splitter and the image components from each probe were subsequently separated and directed to separate CCD cameras using a polarizing beam-splitter located behind the microscope's image-forming optics. The timing of the probe pulses was controlled by adjustable delay trigger in reference to the pump pulse, allowing for image acquisition at any time point covering the entire timeline of events during damage initiation or growth. The arrival of the pump and probe pulses were separately recorded for each measurement using a set of fast photodiodes and the peak-topeak time delay was obtained with ~0.5 ns resolution using a 500 MHz oscilloscope.
This system was proven successful in capturing the kinetics of the ejected material but the preliminary results indicated that the material transformation during the early phase (when the pump pulse is on) was occurring much faster than the temporal resolution provided by the 4.5 ns-duration probe pulses [15] . Consequently, a more advanced system was required to capture the characteristic processes at early times with adequate spatial and temporal resolution. The effort to develop a more suitable system to study the early material response associated with exit surface damage in fused silica along with preliminary results are discussed in this work. Specifically, after presenting in detail our experimental system that enabled this study, we will summarize our preliminary interpretation of the experimental results.
EXPERIMENTAL SYSTEM
The samples used in this study were circular fused silica optical flats having diameter of 50 mm and thickness of 10 mm. To simulate damage occurring under operating conditions relevant to large-aperture laser systems, the damaging (or pump) laser pulse must spatially overfill the initiated or growing damage sites, which can be on the order of 10 µm or 100 µm in diameter, respectively. To meet this requirement, a 150-mm focal length lens was used to focus the output of the pump laser (Quanta-Ray, Spectra-Physics) operating at 355 nm (3ω), 7-ns FWHM in duration, about 20 mm behind the exit-surface of the sample. In this arrangement, we estimate the pump beam diameter at the exit surface to be ~1 mm. Pristine surface sites were exposed to an average fluence of ~50 J/cm 2 and damage initiation was observed with ~80% probability. This procedure leads to the formation of single or multi-pit craters with average pit diameter on the order of 10-50 µm.
The configuration of the imaging system remains practically identical to that previously discussed [14] [15] involving two microscope systems positioned parallel and perpendicular to the sample's surface. The corresponding images are referred to as the transmission-view (TV) and side-view (SV) images, respectively. Both microscopes were identical, utilizing a long working distance 5X objective (Mitutoyo, Japan) followed by a 5X zoom lens. The images were captured by a CCD detector (Spiricon, 1616 pixels × 1216 pixels) with individual pixel size of 4.4 µm. The resulting spatial resolution was on the order of 1 µm. The focal planes of the two microscopes intersected at the sample's surface at the pump beam location. In this way, some of the damage sites formed in this volume could be imaged with optimal spatial resolution by both microscopes.
A limitation in temporal resolution resulted in loss of the spatial resolution of the images acquired at early delay times. Specifically, key aspects of the damage process include a) the transient phases of the material response, b) the initial phase of the shock front in air and in the material, c) the early motion of the surface and, d) the early kinetics of the fast ejected particles. For example, the speed of the pressure front generated following laser energy deposition in fused silica is equal or higher to the speed of sound in the material, or ~6 µm/ns. In this case, the ~4.5 ns probe pulse could only provide spatial resolution on the order of 30 µm when capturing these events. To resolve the dynamics of the above key parameters within the ≈1μm spatial resolution of the imaging system, the pulse length of the laser should be sufficiently short. For example, to resolve the pressure front with 1 µm spatial resolution, the probe pulse length should be about 170 ps. Furthermore, the imaging system must be able to capture two images per each event spaced closely in time (subnanosecond) in order to better estimate instantaneous speed as this may be changing during the timeline.
To meet these requirements, the probe lasers 4.5 ns in pulse duration described in Ref. 15 were replaced with a single laser having a pulse length of ~150 ps (EKSPLA, Lithuania). To allow for imaging of two time points per damage event, two probe pulses (probe 1 and probe 2) were generated by splitting the output from the 150 ps laser into two paths using a non-polarizing beam-splitter, as shown in Fig. 1 . The reflected beam (probe 2) was directed towards an adjustable delay line with ~60 cm roundtrip, thus providing a relative delay between probe 1 and probe 2 of up to ~4.15 ns. A halfwave plate was inserted within the delay line in order to rotate the polarization of probe 2 to a state orthogonal to that of probe 1 (to allow for polarization filtering as described in Ref. 15 ). Both probe beams were then recombined using a polarizing beam-splitter and followed a common path up to a second non-polarizing beam-splitter. The latter element provided SV and TV paths to illuminate the sample. Finally, a polarizing beam-splitter positioned after the TV image formation optics separated the two orthogonal polarization image components (delayed with respect to each other) and directed them onto separate cameras (Fig. 1, CCDs 1-2) . The temporal profiles of the pump and probe pulses were recorded using a high-speed GaAs photodetector (rise time <35 ps, Electro-Optics Technology, Inc.) and digital oscilloscope (Tektronix) with sampling rate capability of 25 Gsamples/s.
The SV mode of the system shown in Fig. 1 can also be used to image the material transformation occurring within the bulk material underneath the surface with high temporal resolution. Imaging through the side of the sample required flat and well polished sides with optical quality finish to transmit the probe beam for SV shadowgraphic image acquisition. The focal plane of the imaging optics was adjusted to coincide with the crater location while imaged within the bulk of the material. We note that material motion in the air-side of the interface is no longer visible in this configuration due to the optical path difference when imaging through the bulk compared to that when imaging through the air-side. Figure 1 . Experimental layout of time-resolved microscope system for simultaneous acquisition of transmissionview (TV) and side-view (SV) images with high temporal resolution (150 ps) using a dual probe imaging configuration with polarization filtering.
PRELIMINARY RESULTS
Typical images during the early stages of the damage initiation event acquired in the TV mode with this higher temporal resolution system are shown in Fig. 2 . Such images reveal the material response during energy deposition by the pump pulse. The image shown in Fig. 2a was obtained from probe 1 pulse which arrived at the imaged area (damage site) ~0.7 ns before the peak of the pump pulse (defined as delay t = 0). Similarly, the image shown in Fig. 2b represents the evolution of the damage site 1.19 ns after the image shown in Fig. 2a was captured (or t ~0.46 ns delay). From these images, one can easily appreciate that the material begins to optically absorb early on during the damage initiation process and these absorbing regions grow in size during exposure to the laser pulse. The final dimensions of the damage craters are much larger as can be seen in Fig. 2(c) .
The images captured during the time the pump laser is on (for delays up to about 8 ns delay) demonstrated an initial build up of an electronic excitation on the surface which is manifested as a loss in transmission in the TV mode. Thereafter, some of the localized absorbing regions start growing with a lateral speed on the order of 1-2 Km/sec. At later delays (but still while the pump pulse is on) radial cracks are observed to initiate and grow. The region of modified material continues to expand after the pump pulse is turned off up to a delay of about 25 ns. The system shown in Fig. 1 can also be used to image the transient stress fields generated by the propagating pressure (shock) wave. This is achieved by blocking the path of probe 2 and utilizing only probe 1. The polarizing beam-splitter following the TV imaging optics can be used to separate the orthogonal image components (parallel and perpendicular) and direct them to separate CCD's. Stress fields will rotate the polarization of the propagating light and a projection of their spatial distribution can be captured in the cross-polarized camera. Figure 3 shows examples of polarization-dependent transient TV images taken at t ~13.4 ns delay. The parallel polarization image (Fig. 3(a) ) represents the conventional shadowgraphy image showing the region of the material that has been modified as well as the location of the shock in the air side of the interface. In contrast, the orthogonal polarization image maps the stress fields associated with shock front propagation in the material, as shown in Fig. 3(b) . In the final images (not shown), residual stress was only observed near where cracks had been formed. This configuration is particularly useful for estimating the kinetics of the shock waves in the bulk of the material.
The ability of this system to image the evolution of the material modifications in the bulk during an exit surface damage process is demonstrated in Fig. 4 (Fig. 2) , this system can also be used to infer the kinetics of the material modifications at early times. Finally, high-resolution imaging of shock fronts and the material motion at early delay times in the air-side of the surface can also be performed using the short pulse-length laser with adequate spatial and temporal resolution. SV images obtained from the air side of the sample are suggestive that there is surface swelling in the affected locations on the surface of the material leading to the formation of a bulge. The material swelling on the surface precedes the ejection of individual particles. This observation reveals a critical part of the early material response to localized energy deposition. The ejection process starts at about 25-35 ns delay with the ejection of small particles having diameter on the order of 1 µm and speeds on the order of 2-3 Km/sec. A jet of material ejecta is observed at longer delays.
DISCUSSION
The experimental results from this and the previous [14, 15] study indicate that the material response during a laser damage event is associated with a series of complex processes that current modeling tools fail to accurately describe and reproduce. Although it is not the intention of this work to provide a detailed description of the experimental observations, the preliminary findings regarding exit surface damage in fused silica optical components using 7-ns FWHM, 355 nm laser pulses can be summarized as follows:
Onset of electronic excitation, manifested as a reduction in transmission of light through affected regions Lateral expansion of the modified region along the surface for about 25 ns. The initially symmetrically expanding modified region is followed by the onset and growth of radial cracks and subsequently by lateral cracks Axial expansion of the modified region in the bulk for about 3 ns accompanied by the onset and growth of radial cracks during the later part of this phase Swelling of the surface until about 25 ns delay leading to the formation of a bulge Ejection of small material clusters (1-2 µm in diameter) starting at about 25-35 ns delay having speeds on the order of 2.5 Km/sec Collapse of the bulge at about 50-75 ns delay followed by the formation of a jet of particles 1-30 µm in diameter and variable speeds ranging from about 2.5 Km/sec down to about 10 m/sec Between 100 and 2000 ns delay, a jet of nearly spherical or irregularly shaped clusters is formed with diameters between 1-25 µm. Ejection of material at later times includes flakes and chips with diameters up to 50 µm or larger Beyond 2 µs delay, the ejection of material clusters continues while the ejecta speed continues to decrease to about 10 m/sec. Termination of the ejection process appears to take place at ~4 µs delay for damage initiation Similar experiments performed during damage growth are strongly suggestive that damage initiation and growth evolve in the same manner but with two characteristic differences: a) the duration of the material ejection process, as discussed above and b) the speed of the shock front in the air, which is higher for damage growth, indicative of a higher energy deposition event. Furthermore, the time resolved images at the onset of damage growth suggest that damage growth is associated with multiple initiation events located in close proximity to each other, with the separation distance on average depending on laser excitation conditions (such as fluence).
CONCLUSIONS
Using a versatile time-resolved microscope system, we were able to obtain, for the first time, detailed quantitative information on the damage timeline. We have determined that the entire timeline of damage initiation on the exit surface of fused silica under exposure to high power ns pulses is about 4 µsec. We were able to identify the individual processes and their role in the final morphology of the damage site which can depend on the laser pulse parameters. These experimental results can be used to validate models and hydro-codes for use to predict damage behavior in optical materials for ICF class laser systems. We postulate that development of fundamental understanding of laser induced damage will help advance our broader knowledge regarding the material response when exposed to extreme conditions especially when the energy delivery is performed locally with a high power laser pulse (such as in laser ablation and laser micro-machining). A. Thanks. I appreciate it.
Q. I have one question and one comment. How did this picture change depending on how close to the threshold you were operating?
A. That's not part of my talk. But, we've done some measurements at high fluences and really the results don't change dramatically. They change very slightly. So, we're dealing with the behavior of the material after you deposit the energy. That doesn't depend, too much, on the laser parameters. That's my assessment. But, in general, by going to higher fluence, nothing dramatic happens.
Q. The timescale would be about the same, for the process.
A. Pretty much. It's very, very similar.
Q. My small comment, probably you just didn't have time to discuss, is that lateral expansion is pretty well understood because at the material-film interface, you have an adiabatic boundary. There's no cooling, so your heat can escape only laterally. This is why it's hard to damage more and more on a lateral scale.
A. That's why there is a difference. Yes, I agree.
Q. Why is the material ejected normal to the surface rather than in all directions?
A. I don't know. But, it has to do with the forces forming there. So, you are expanding inside the capsule. It's like having a cannon that's going to move to the front. Don't listen to me. Somebody else has to deal with that problem.
